In this paper, we study LL quantization in Bi 2 Te 2.6 S 0.4 TI in pulsed magnetic field up to 91 T. The surface and bulk quantum oscillations can be clearly disentangled by combined Shubnikov-de Haas (SdH) and de Hass-van Alphen (dHvA) oscillations, in conjunction with quantum oscillations in nanometer-thick peeled crystals. At high magnetic field beyond the bulk quantum limit, our results suggest that the zeroth Landau level of topological surface states is shifted due to the Zeeman effect and the g factor of the topological surface states is estimated. These observations shed new light on the quantum transport phenomena of TIs and pave the road for the observation of novel quantum effects in ultrahigh magnetic field.
The Bi 2 Te 3-x S x single crystals are grown by the self-flux method. Our angle-resolved photoemission spectroscopy (ARPES) experiments were carried out in Advanced Light Source Beamline 4.0.3 with the incident photons of from 70 to 98 eV. All the spectra were taken at 10 K using a Scienta R8000 analyzer. Bulk samples were cleaved at 10 K with a base pressure better than 5 × 10 −11 Torr. Magneto transport properties are measured in a perpendicular magnetic field by using standard four-probe ac lock-in method. For the thinnest sample with thickness of 15 nm, the transport measurements are performed in the DC magnet of the National High Magnetic Field Laboratory in Tallahassee with field up to 31 T. The ultrahigh field measurements are performed in the pulsed magnet in Los Alamos. The magnetic susceptibility measurement is taken by using a Seiko piezo-resistive cantilever.
We choose to study sulfur (S) doped Bi 2 Te 3 TI single crystals due to their high mobility In the first two samples, E F lies within the bulk conduction band but for x = 0.4 sample no bulk band can be detected near E F . The main panels of Fig. 1a to c display the resistivity (ρ)
vs. temperature (T) curves for the three samples. Consistent with the ARPES data, the x = 1.2 and 0.7 samples are metallic over the whole temperature range, and the latter sample has larger resistivity due to reduced bulk carrier density. The x = 0.4 sample, on the other hand, is metallic at high T but shows an upturn for T < 25 K. (Fig. 1a) . The negative slope of the Hall effect (Fig. 1d) indicates electron-type charge carriers and the carrier density estimated from the low field Hall coefficient is n = 1.1 10 / , which is in broad agreement with the bulk carrier density 7.0 10 / estimated from k F extracted from quantum oscillations based on an oversimplified spherical FS. Similar SdH oscillations are also observed in the x = 0.7 sample (Fig. 2b) , and the frequency is reduced to 91 T (Fig. 2e) . Again, the estimated k F from the FS cross-section is 0.053 /Å, which is consistent with (0.048±0.005) /Å of the bulk conduction band directly measured by ARPES (Fig. 1b) . It is tempting to ascribe the quantum oscillations in the x = 0.4 sample to the SSs, but temperature dependence of SdH oscillations suggests that they also come from the bulk.
Increasing temperature will smear out the Fermi surface and as a result the oscillation amplitude (α) decreases according to the Lifshitz-Kosevich (LK) formula: ,
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(Ref. [40] ). Here is the Boltzmann constant, is the Planck constant divided by 2 , is the cyclotron frequency and is the cyclotron mass.
Therefore, analyzing the temperature decay of the oscillation amplitude allows us to extract the cyclotron mass of the electrons that are responsible for the quantum oscillations. Figure   3a displays the temperature dependence of the SdH oscillations of the x = 0.7 sample, which decreases in amplitude with rising T. The solid symbols in Fig. 3b represent the oscillation amplitude at 38.6 T as a function of T, which can be fitted very well by using the LK formula (red solid line). The extracted 0.19 , is the free electron mass, agrees very well with previous studies on the bulk of TIs [41, 42] . Figure 3c displays the temperature evolution of the oscillation amplitude of the x = 0.4 sample, which is very similar to that of the x = 0.7
sample. The LK formula fit of the amplitude decay of a particular oscillation also generates a
0.19
, which is identical to that of the x = 0.7 sample (Fig. 3d ). indicates that a magnetic field near 37 T is sufficient to squeeze all the bulk electrons to the lowest LL, and there is no more bulk quantum oscillations at higher magnetic field. Our experiments clearly demonstrate that even ARPES detects no bulk FS at E F of the x = 0.4 sample, the bulk states can still make significant contributions to transport. The most likely explanation for the discrepancy between ARPES and transport measurements is the band bending effect at the sample surface [41] . Therefore, the ARPES and transport results thus provide complementary information regarding the electronic structure of the TI. The exposure to atmosphere when performing ex situ transport measurements could also be responsible for such inconsistency.
For magnetic field beyond the bulk quantum limit, the quantum oscillations should originate solely from the SSs. This provides a good opportunity for us to probe the LL spectrum of the SSs, but a significantly larger magnetic field is needed. To fulfill this task, we carried out transport measurements in pulsed magnetic field up to 91 T. The magnetoresistance (MR) and Hall effect are shown in Fig. 5a and 5b. Another peak and Another way to directly probe the surface quantum oscillations is to reduce the sample thickness to enhance the surface to bulk ratio so that the SSs dominate the transport process.
To achieve this goal, we mechanically peel the x = 0.4 crystal down to 15 nm. As shown in Fig. 6a , with decreasing thickness, the resistance value increases systematically due to the reduced bulk contribution. In contrast with the low field parabolic MR shown in Fig. 5a , the MR of the 15 nm thick sample shown in Fig. 6b displays a sharp positive cusp at low magnetic field, which is the weak antilocalization behavior characteristic of the topological SSs due to the non-trivial Berry phase [43] [44] [45] [46] . At high magnetic field MR starts to oscillate at around 20 T and thus the estimated mobility μ s of SSs is around 500 cm 2 /Vs, which is lower than the bulk 1500 cm 2 /Vs mobility. As shown in Fig. 6c hence two LLs will be fully occupied at 78 T. In the MC measured up to 91 T, we observe a MC minimum at around 78 T, which is perfectly consistent with the occupancy of two integer
LLs. As schematically shown in Fig. 7b , the integer LL filling indicates that the center of the zeroth LL is no longer pinned at the Dirac point, but is shifted upwards by the Zeeman effect.
The Zeeman shift of zeroth LL in nonmagnetic TI has not been observed before due to the inadequate magnetic field that has been applied [20, 35] . Our work in ultrahigh magnetic field provides the first experimental evidence for the Zeeman shift of the zeroth LL.
Next we give an estimate of the g factor of the topological SS. In our experiment, two integer LLs are exactly occupied at 78 T. This implies that the Zeeman energy | | at 78 T should be larger than half of the LL broadening (Fig. 5b) , because otherwise only a fraction of the zeroth LL is occupied. This observation gives the lower limit for the g-factor. On the other hand, the surface quantum oscillation patterns up to 31 T (Fig. 3a) are not affected by the Zeeman effect and still has an intercept close to half-integer. This sets the upper limit for the g-factor because it indicates the Zeeman energy at 30 T is much smaller than the half of LL broadening.
The energy scale of Dingle temperature reflects the LL broadening [40] , which can be estimated by performing Dingle analysis. The magnetic field dependence of oscillation amplitude can be expressed as , 14.7 (Ref. [40] ). Here is the oscillation amplitude of the topological SSs, is the Dingle temperature, is the cyclotron frequency, is the cyclotron mass (extracted from the ARPES measurement), is the Boltzmann constant, is the Planck constant divided by 2 . Fig. 7a displays three discreet points of ln 14.7 / with respect to inverse magnetic field. The slope of the linear fit (red curve in Fig. 7a ) directly generates the Dingle temperature , which is 92 K for this x = 0.4 sample. From the above analysis, the estimated g-factor of the topological SS is larger than 1.8 and smaller than 4.5, which is similar to the reported value in graphene [23, 47] . Such a small g factor suggests that the Zeeman effect of topological SS is unimportant to the quantum transport behavior unless in an ultrahigh magnetic field. This also explains why previous STM experiments at 11 T cannot resolve the Zeeman shift (Ref. [13, 14] ).
In summary, transport measurements up to 91 T as well as the striking contrast between torque and transport measurements allow us to disentangle the quantum oscillations from the coexisting bulk and surface states in Bi 2 Te 2.6 S 0.4 . The LL occupancy analysis in the extreme quantum limit suggests Zeeman shift of the zeroth LL of the SS and the g factor is estimated
to be between 1.8 and 4.5. Its small value indicates that the Zeeman effect is insignificant in most experiments on TI, but becomes relevant in ultrahigh magnetic field. These results pave the way for the realization of novel phenomenon such as the quantum Hall ferromagnetism in which Zeeman effect of the zeroth LL plays an essential role [23, 24] . samples. The inset shows that the negative derivative of torque signal perfectly matches with the resistivity curves. 
